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In the present work, one dimensional La0.8Sr0.2Co0.2Fe0.8O3δ (LSCF) nanoﬁbers with the mean diameter of about 100 nm prepared by
electrospinning were deposited on Gd0.2Ce0.8O1.9 (GDC) electrolyte followed by sintering to form one dimensional LSCF nanoﬁber cathode. And
LSCF/GDC composite cathodes were formed by introducing GDC phases into LSCF nanoﬁber scaffold using inﬁltration method. The
polarization resistances for the composite cathode with an optimal LSCF/GDC mass ratio of 1/0.56 are 0.27, 0.14 and 0.07 Ω cm2 at 650, 700 and
750 1C, respectively, which are obviously smaller than 2.26, 0.78 and 0.29 Ω cm2 of pure LSCF nanoﬁber cathode. And the activation energy is
1.194 eV, which is much lower than that of pure LSCF nanoﬁber cathode (1.684 eV). These results demonstrate that the inﬁltration of GDC into
LSCF nanoﬁber scaffold is an effective approach to achieve high performance cathode for solid oxide fuel cells (SOFCs). In addition, the
performance of composite cathode in this work was also compared with that of our previous nanorod structured LSCF/GDC composite cathode.
& 2014 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.
Keywords: La0.8Sr0.2Co0.2Fe0.8O3δ; Composite cathode; Electrospinning; Inﬁltration1. Introduction
SOFCs have been regarded as a promising power generation
device which can directly convert fuel chemical energy to
electric energy with high efﬁciency and low pollutant [1].
Recently, extensive research work has been focused on
developing the SOFCs operating in the temperature range of
600–800 1C with the aim of lowering the production costs and
prolonging the operational life of SOFCs. The traditional LSM
cathode is not suitable as intermediate temperature SOFCs
cathode due to its low conductivity and electrochemical
activity below 800 1C. Fortunately, high performance
perovskite-type cathode such as La1xSrxCo1yFeyO3δ
(0oxo1, 0oyo1), which has high electrical and ionic
mixed conductivities as well as excellent chemical and thermale front matter & 2014 Chinese Materials Research Society. Produc
/10.1016/j.pnsc.2014.01.008
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nder responsibility of Chinese Materials Research Society.stabilities [2–6], have been successfully applied in intermediate
temperature SOFCs.
In addition to its intrinsic properties, the cathode electro-
chemical performance also depends on its microstructure, such
as porosity and speciﬁc surface area. Optimizing the cathode
microstructure can help to obtain large three-phase boundaries
(TPBs) where the oxygen reduction reaction occurs, achieving
excellent electro-catalytic activity for the cathode. As a
cathode, it should maintain adequate porosity for the oxygen
transportation. For the nanoparticle structured cathode materi-
als, in order to form a porous structure cathode, pore formers
are commonly used to produce uniformly-distributed pores to
facilitate the gas diffusion in the cathode. Compared with the
nanoparticle-structured materials, one dimensional ﬁbrous
nanomaterials have higher porosity and larger speciﬁc surface
area, which are expected to extend the TPB length and
improve the performance of the cathode.
Currently, one dimensional nanomaterials applied as SOFC
cathodes have been reported in some Refs. [7–10]. Among the
methods for synthesizing one dimensional nanomaterials, the
electrospinning method is a simple, convenient and control-
lable technique to generate uniform and long ﬁbers with the
diameters ranging from tens of nanometers to micrometers.tion and hosting by Elsevier B.V. All rights reserved.
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fully explored to produce one dimensional nanomaterials for
SOFC. The nanoﬁber-structured cathode composed of electro-
spun Ba0.5Sr0.5Co0.8Fe0.2O3δ (BSCF) perovskite oxide has
been prepared and applied in SOFC [11]. The polarization
resistance of BSCF nanoﬁber cathode was 0.094 Ω cm2 at
600 1C, which was obviously lower than that of the BSCF
powder cathode under the similar conditions. The better
electrochemical performance for BSCF nanoﬁber cathode
resulted from its high speciﬁc surface area. Similarly, based
on the electrospinning technique, Sun et al. [12] synthesized
the Nd1.93Sr0.07CuO4 nanoﬁbers which were used as cathode
material for SOFC, demonstrating that the Nd1.93Sr0.07CuO4
nanoﬁber cathode has better electrochemical performance than
the Nd1.93Sr0.07CuO4 power cathode.
Herein, the uniform, thin and long LSCF nanoﬁbers were
fabricated by the electrospinning technique. Compared with
the LSCF nanorods reported by our group [13], the LSCF
nanoﬁbers in this paper possess higher surface area resulting
from their smaller diameter and longer length. Then, the LSCF
nanoﬁbers were made into the nanoﬁber structured cathode.
Addition of GDC phases into the LSCF nanoﬁber cathode
using the inﬁltration method [14–20] further improved its
electrochemical performance.
2. Experimental
2.1. Synthesis of the LSCF nanoﬁbers
The precursor solution for electrospinning was prepared by
dissolving 1.5668 g La(NO3)3  6H2O, 0.1914 g Sr(NO3)2,
0.2633 g Co(NO3)2  6H2O, 1.4618 g Fe(NO3)3  9H2O at a
molar ratio of 4:1:1:4 into 30 mL N,N-dimethylformamide.
When the above nitrates were completely dissolved, an
appropriate amount of polyvinylpyrrolodone (PVP) was added
into the resultant solution. After magnetic stirring for 4 h, the
homogeneous viscous solution was formed.
The as-obtained viscous solution was loaded into a 5 mL
plastic syringe equipped with a ﬂat 8-gauge stainless needle. The
positive terminal of a high-voltage supply was connected to the
spinneret of the syringe while the other was attached to a nickel
mesh collector plate which was placed 12 cm away from the
needle tip of the syringe. A high voltage of 20 kV was applied
between the needle tip and collector plate. The as-electrospun
LSCF/PVP nanoﬁbers were dried in air for 12 h, followed by
calcining at 800 or 900 1C for 2 h at the heating rate of 2 1C/min
to form the desired one dimensional LSCF nanoﬁbers. The
microstructure and phase formation of as-annealed LSCF/PVP
nanoﬁbers were examined by scanning electron microscope
(SEM, FEI Quanta 200, Holland) and X-ray diffraction (XRD,
Rigaku D/max-ПB) using Cu Kα radiation, respectively.
2.2. Preparation of LSCF cathode and LSCF/GDC composite
cathode
The mixture, composed of LSCF nanoﬁbers and 3 wt%-
ethyl cellulose terpineol solution, was coated on the GDCelectrolyte substrate (diameter of 19 mm and thickness of
1.1 mm, sintered at 1450 1C for 20 h) and sintered at 904 1C
for 1 min at the rising temperature of 15 1C/min to form a
porous nanoﬁber-structured LSCF cathode. Then, the GDC
impregnation solution with a concentration of 0.25 mol L1
was prepared from Gd(NO3)3  6H2O, Ce(NO3)3  6H2O, etha-
nol and deionized water.
Inﬁltration was performed by injecting the above nitrate
aqueous solution of GDC into the LSCF cathode pre-sintered
on a GDC electrolyte using a microliter syringe. The amount
of GDC loading can be controlled by changing the number of
impregnation steps. When each impregnation was completed,
the inﬁltrated sample was then ﬁred at 700 1C for 0.5 h with a
temperature gradient of 10 1C/min. To increase the GDC
loading, the impregnation process was repeated. Finally, the
inﬁltrated LSCF cathode was heat-treated at 800 1C for 1 h to
convert Gd(NO3)3 and Ce(NO3)3 to Gd0.2Ce0.8O1.9 oxide. The
loading of impregnated GDC can be calculated from the mass
of LSCF cathode before and after the impregnation.
2.3. Electrochemical characterization
Electrochemical characterization of the cathode was eval-
uated by impedance spectroscopy using an electrochemical
work station (CHI 604D). A three-electrode system was
adopted with platinum as the counter and reference electrodes
and LSCF-based cathode as working electrode. The counter
electrode was positioned symmetrically to the LSCF-based
cathode, while the reference electrode was coated at the rim of
GDC electrolyte. The impedance spectroscopy measurements
were carried out in a frequency range of 0.1 Hz and 1 MHz
with a signal amplitude of 5 mV at temperatures from 650 1C
to 750 1C under open circuit conditions. The polarization
resistance of LSCF-based cathode was determined by the
difference between the high-frequency and the low-frequency
intercepts on the real axis.
After the electrochemical testing, scanning electron micro-
scope was employed to observe the microstructures of LSCF-
based cathodes.
3. Results and discussion
Representative SEM micrographs of the as-electrospun
LSCF/PVP composite nanoﬁbers are shown in Fig. 1. It can
be observed from Fig. 1(a) and (b) that the long, smooth and
uniform LSCF/PVP nanoﬁbers have been successfully synthe-
sized on a large scale. As shown in Fig. 1(c), the diameter
distribution of composite nanoﬁbers is narrow and the mean
nanoﬁber diameter calculated from SEM images is 260 nm.
The XRD patterns of LSCF/PVP composite nanoﬁbers
calcined at 800 and 900 1C for 2 h in air are presented in
Fig. 2. The proﬁles exhibit a well-deﬁned orthorhombic LSCF
perovskite structure without any other peaks. And, the strong
diffraction peaks indicate the as-synthesized LSCF powder has
a high crystalline characteristic.
Fig. 3 displays the microstructural evolution of as-annealed
LSCF nanoﬁbers at 800 and 900 1C. The nanoﬁbers sintered at
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Fig. 2. The XRD patterns of as-annealed LSCF/PVP composite nanoﬁbers at 800 1C and 900 1C.
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Fig. 1. The SEM micrographs (a), (b) and diameter distribution histogram (c) of electrospun LSCF/PVP composite nanoﬁbers.
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morphology, as shown in Fig. 3(a); and the mean ﬁber
diameter after calcination was reduced to 110 nm (calculated
from Fig. 3(a0)) due to the decomposition of PVP polymers.
When calcinations temperature was increased to 900 1C, the
LSCF nanoﬁbers were broken and evolved into nanorods with
average diameter of 110 nm calculated from Fig. 3(b0); and the
LSCF nanorods overlap with each other to form porous
network structure, as shown in Fig. 3(b).
The above LSCF nanoﬁbers calcined at 800 1C were
sintered onto the GDC electrolyte substrate to form a LSCF
cathode. Fig. 4 shows the cross-sectional SEM micrographs of
the LSCF cathode. It can be seen that the LSCF materials in
the cathode still retain ﬁbrous structure and are well connected
with each other. Furthermore, there was no delamination at the
cathode/electrolyte interface; and the cathode was stronglyadhered to the GDC electrolyte surface, indicating that the
LSCF cathode was sintered well.
Then, the electrochemical property of the LSCF cathode was
evaluated by impedance spectroscopy under open circuit
conditions. The typical impedance spectra of the cathode with
LSCF nanoﬁbers at temperatures between 650 1C and 750 1C
are presented in Fig. 5. All the spectra were collected after the
cell reached a stable state. In order to clearly compare the
polarization resistance, all bulk resistances were removed from
the spectra. From Fig. 5, it can be observed that the electrode
polarization resistance decreases with the increasing of operat-
ing temperature. At 650 1C, the polarization resistance of
LSCF cathode is 2.26 Ω cm2, while the polarization resistances
can be reduced to 0.78 and 0.29 Ω cm2 at 700 1C and 750 1C,
respectively, which should be attributed to the enhancement of
electro-catalytic activity of LSCF cathode for O2 reduction
Fig. 4. The cross-sectional SEM micrographs of pure LSCF nanoﬁber cathode.
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Fig. 5. The impedance spectra of the pure LSCF nanoﬁber cathode measured
between 650 1C and 750 1C.
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Fig. 3. The SEM images (a), (b) and diameter distribution histograms (a0), (b0) of as-annealed LSCF/PVP composite nanoﬁbers at 800 1C and 900 1C.
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LSCF cathode [13], the LSCF nanoﬁber cathode in this work
has a lower polarization resistance at 650 1C. This can be
explained by the size of the three-phase boundaries. Compared
with LSCF nanorods [13] (the diameter of about 200 nm),
LSCF nanoﬁbers have larger speciﬁc surface area originated
from their smaller diameter (about 100 nm), which contributes
to larger contact area of cathode/electrolyte, resulting in a
lower polarization resistance.
To further improve the electro-catalytic activity of LSCF
nanoﬁber cathode, GDC, an oxygen ion conductor, was
introduced into the LSCF nanoﬁber scaffold to form LSCF/
GDC composite cathode. Fig. 6 exhibits the cross-sectional
SEM images of GDC inﬁltrated LSCF cathodes. Shown in
Fig. 6(a) and (a0) are the typical views for the inﬁltrated LSCF
cathode with LSCF:GDC mass ratio of 1:0.12. It can be found
that the inﬁltrated LSCF cathode still keeps one dimensional
Fig. 6. Representative cross-sectional SEM images of GDC-inﬁltrated LSCF composite cathodes: (a), (a0)–(d), (d0) the inﬁltrated cathodes with LSCF/GDC weight
ratio of 1:0.12, 1:0.25, 1:0.56 and 1:0.63, respectively.
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substrate became coarser, indicating that the appearance of the
newly formed GDC phases on the LSCF scaffold. As inﬁltrat-
ing time continued to increase, more and more GDC phases
were deposited on the LSCF substrate, as shown in Fig. 6(b)
and (b0). When the LSCF/GDC mass ratio reached 1/0.56 and
1/0.63, the LSCF substrates were almost covered by GDC(shown in Fig. 6(c), (c0) and (e), (e0)), forming a continuous
path for oxygen ions transport.
The impedance spectra obtained from the GDC inﬁltrated
LSCF cathodes, measured at temperatures ranging from
650 1C to 750 1C and under open circuit conditions, are shown
in Fig. 7. Compared with the pure LSCF cathode, the
polarization resistances of the inﬁltrated LSCF cathodes with
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Fig. 7. Typical impedance spectra of the inﬁltrated LSCF cathodes with different LSCF/GDC weight ratio measured between 650 1C and 750 1C.
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E. Zhao et al. / Progress in Natural Science: Materials International 24 (2014) 24–30 29LSCF/GDC mass ratio of 1/0.25 have been reduced to 0.65,
0.37 and 0.16 Ω cm2 at 650 1C, 700 1C and 750 1C, respec-
tively. When the LSCF/GDC weight ratio reached 1/0.56, the
cathode polarization resistances are further reduced to 0.27,
0.14, and 0.07 Ω cm2. However, when the LSCF/GDC mass
ratio further decreased to 1/0.63, the cathode polarization
resistances increased to 0.29, 0.24, and 0.16 Ω cm2. The
reduction of polarization resistances for GDC inﬁltrated LSCF
nanoﬁber cathode was attributed to the enlargement of LSCF/
GDC boundaries where the oxygen reduction reaction took
place. However, at relatively high GDC loading, the porosity of
the inﬁltrated LSCF cathode decreased, limiting the gas trans-
port from the cathode surface to the reaction zones, which
resulted in the increase of cathode polarization resistances. The
lowest polarization resistance of 0.27 Ω cm2 for GDC inﬁltrated
LSCF nanoﬁber cathode is comparable with those obtained with
LSCF-based composite cathodes at 650 1C, such as the polar-
ization resistances of 0.52 Ω cm2 [21], 0.40 Ω cm2 [22],
0.45 Ω cm2 [23], 0.265 Ω cm2 [24] and 0.218 Ω cm2 [18].
It is noted that the lowest polarization resistance obtained in
this work is larger than that of GDC inﬁltrated nanorod–
structured LSCF cathode with LSCF/GDC mass ratio of 1:1
(0.1 Ω cm2) [13]. The difference was mainly determined by the
size of LSCF/GDC boundaries and the cathode porosity. Due
to the smaller diameter of LSCF nanoﬁbers in this work, the
contact points among thin LSCF nanoﬁbers are more than
those among LSCF nanorods, indicating that the LSCF
nanoﬁber cathode has lower porosity compared to LSCF
nanorod cathode. And the GDC loading in LSCF/GDC
composite cathode prepared by the inﬁltration method mainlydepends on the porosity of LSCF cathode. For the nanorod-
structured LSCF cathode, it has higher porosity than LSCF
nanoﬁber cathode, thus more GDC can be deposited onto
LSCF nanorod cathode, forming larger effective TPB. There-
fore, the electrochemical performance of GDC inﬁltrated
nanorod-structured LSCF cathode is better than that of the
inﬁltrated LSCF nanoﬁber cathode.
Fig. 8 shows the Arrhenius plots of polarization resistances
for the LSCF nanoﬁber cathode and GDC inﬁltrated LSCF
E. Zhao et al. / Progress in Natural Science: Materials International 24 (2014) 24–3030nanoﬁber cathode with LSCF/GDC mass ratio of 1:0.56, which
were measured at the temperatures ranging from 600 1C to
750 1C. And, the activation energies of the LSCF cathode and
GDC inﬁltrated LSCF cathodes were calculated from the
slopes of the ﬁtting lines. The activation value of the GDC
inﬁltrated LSCF cathode was 1.194 eV, which was lower than
that of the pure LSCF nanoﬁber cathode (1.684 eV). The lower
activation value indicates that the oxygen reduction reaction
occurred easier in GDC inﬁltrated LSCF cathode than pure
LSCF nanoﬁber cathode.
4. Conclusions
The uniform, thin and long LSCF nanoﬁbers have been
successfully synthesized by electrospinning. Nanoﬁber struc-
tured LSCF/GDC composite cathodes have been fabricated by
inﬁltrating GDC phases into the LSCF nanoﬁber skeleton pre-
sintered on the GDC electrolyte. With GDC addition, the
electrochemical performances of the LSCF nanoﬁber cathode
were signiﬁcantly improved, which is mainly due to the
increase of TPBs. The optimal LSCF/GDC composite cathode
with LSCF/GDC mass ratio of 1/0.56 has polarization resis-
tances of 0.27, 0.14 and 0.07 Ω cm2 at 650, 700 and 750 1C,
respectively. Compared to our previous LSCF nanorod cath-
ode, the LSCF nanoﬁber cathode shows a lower polarization
resistance, however, the GDC inﬁltrated LSCF nanoﬁber
composite cathode shows a slightly larger polarization resis-
tance than that of the nanorod structured LSCF/GDC compo-
site cathode. In conclusion, high performance cathode can be
obtained by changing the LSCF morphology and introducing
GDC phases into the LSCF nanoﬁber skeleton.
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